To assess the incremental value of diffusion-weighted (DW) magnetic resonance (MR) imaging over T2-weighted MR imaging at 3 T for prostate cancer detection and to investigate the use of the apparent diffusion coeffi cient (ADC) to characterize tumor aggressiveness, with wholemount step-section pathologic analysis as the reference standard.
The Internal Review Board approved this HIPAA-compliant retrospective study and waived informed consent. Fiftyone patients with prostate cancer (median age, 58 years; range, 46-74 years) underwent T2-weighted MR imaging and DW MR imaging ( b values: 0 and 700 sec/mm 2 [ n = 20] or 0 and 1000 sec/mm 2 [ n = 31]) followed by prostatectomy. The prostate was divided into 12 regions; two readers provided a score for each region according to their level of suspicion for the presence of cancer on a fi ve-point scale, fi rst using T2-weighted MR imaging alone and then using T2-weighted MR imaging and the ADC map in conjunction. Areas under the receiver operating characteristic curve (AUCs) were estimated to evaluate performance. Generalized estimating equations were used to test the ADC difference between benign and malignant prostate regions and the association between ADCs and tumor Gleason scores.
Results:
For tumor detection, the AUCs for readers 1 and 2 were 0.79 and 0.76, respectively, for T2-weighted MR imaging and 0.79 and 0.78, respectively, for T2-weighted MR imaging plus the ADC map. Mean ADCs for both cancerous and healthy prostatic regions were lower when DW MR imaging was performed with a b value of 1000 sec/mm 2 rather than 700 sec/mm 2 . Regardless of the b value used, there was a signifi cant difference in the mean ADC between malignant and benign prostate regions. A lower mean ADC was signifi cantly associated with a higher tumor Gleason score (mean ADCs of [1.21, 1.10, 0.87, and 0.69] 3 10 2 3 mm 2 /sec were associated with Gleason score of 3 + 3, 3 + 4, 4 + 3, and 8 or higher, respectively; P = .017).
GENITOURINARY IMAGING: Diffusion-weighted MR Imaging: Assessment of Prostate Cancer Aggressiveness
Vargas et al at 3 T for the assessment of prostate cancer between September 2008 and May 2009; (ii) radical prostatectomy performed at our institution within 6 months after the MR imaging; and (iii) whole-mount step-section pathologic tumor maps available. We excluded patients with (i) prior prostate cancer treatment, including surgery, focal therapy, hormones, or radiation, and (ii) MR imag ing artifacts that made the examination nondiagnostic. Through com put erized searches of our urology department data base, we identifi ed 288 patients who had undergone radical prostatectomy during the study period and had wholemount step-section pathologic tumor maps available. Of these patients, 238 had undergone prostate MR imaging within the 6 months preceding the prostatectomy. For 175 of these patients, the MR imaging examination included DW MR imaging. In 55 of these patients, the examination was performed at 3 T. One of the 55 patients was excluded because he had received prior radiation therapy, and three were excluded because of marked distortion of DW MR imaging caused by motion or susceptibility artifacts. Thus, our study included a generating qualitative and quantitative parametric image maps based on the apparent diffusion coeffi cient (ADC) is straightforward by using commercially available software. Recent advances in MR imaging technology, such as 3-T magnets, multichannel coils, and parallel imaging, have allowed higher signal-to-noise ratios that enhance the quality of anatomic as well as functional MR imaging. Studies (8) (9) (10) (11) have shown that adding DW MR imaging to conventional MR imaging at 3 T may improve the assessment of prostate cancer. While these preliminary reports are encouraging, DW MR imaging is still an evolving technique with several limitations to be overcome; these include intrinsic technical diffi culties that result in image distortions and susceptibility artifacts and a lack of standardized acquisition and image analysis methods. More importantly, the diagnostic performance of DW MR imaging in characterizing prostate cancer needs to be further studied.
Thus, the purpose of our study was to assess the incremental value of DW MR imaging over T2-weighted MR imaging at 3 T for prostate cancer detection and to investigate the use of the ADC to characterize tumor aggressiveness, with whole-mount step-section pathologic specimens as the reference standard.
Materials and Methods
The institutional review board approved our retrospective study and waived the informed consent requirement. Our study was compliant with the Health Insurance Portability and Accountability Act.
Eligibility Criteria and Patient Characteristics
The inclusion criteria for our study were as follows: (i) endorectal MR imaging, including DW MR imaging, performed T he prostate is the most common noncutaneous site of cancer among men in the United States ( 1 ). Owing to the increasing awareness of its variable biologic aggressiveness, the biggest challenge in managing patients with newly diagnosed prostate cancer is shifting from tumor detection alone to identifying patients with aggressive disease who would benefi t from more radical therapy, while sparing those with indolent cancers. There is an increasing need for translational research addressing this clinical challenge. Functional magnetic resonance (MR) imaging techniques are garnering substantial interest as possible means to stratify patients with prostate cancer by risk ( 2-7 ). These techniques, which include MR spectroscopic imaging, diffusion-weighted (DW) MR imaging, and dynamic contrast material-enhanced MR imaging, can provide qualitative and quantitative information regarding tumor biology.
In theory, combining multiple functional MR imaging techniques with standard anatomic imaging sequences could make MR imaging a much more powerful tool for noninvasively characterizing prostate cancer. However, practical methods to analyze, interpret, and integrate the large amount of data generated by such a multiparametric approach are still lacking. Of all the available functional MR imaging methods, DW MR imaging is the one most commonly integrated into clinical prostate MR imaging protocols because it possesses a number of advantages: Its acquisition time is short, it does not require the administration of contrast material, and
Implication for Patient Care
The ADC derived from diffusionn weighted MR imaging allows the identifi cation of patients with aggressive prostate cancer and may facilitate appropriate treatment selection.
Advance in Knowledge
While T2-weighted MR imaging n alone performed similarly to combined DW and T2-weighted MR imaging for tumor detection, the addition of DW MR imaging was useful for the assessment of prostate cancer aggressiveness, as indicated by a signifi cant inverse correlation between apparent diffusion coeffi cients (ADCs) and Gleason scores ( P = .017). 
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GENITOURINARY IMAGING: Diffusion-weighted MR Imaging: Assessment of Prostate Cancer Aggressiveness Vargas et al assigned a new set of scores. For the purposes of image interpretation, tumor was defi ned as a focal or nodular area that displayed (i) focal low signal intensity on T2-weighted images and/or (ii) focal restricted diffusion on the ADC map ( Fig 2 ) . Quantitative assessment.-The readers independently recorded the twodimensional measurements of each lesion with a diameter of at least 4 mm that they identifi ed on the T2-weighted images and/or ADC parametric maps. For the quantitative analysis of DW MR imaging parameters, one of the authors (H.A.V.) placed a region of interest (ROI) to cover each lesion detected by at least one reader. After all MR imaging readings were completed, by using the whole-mount step-section pathology maps as a guide, additional ROIs were placed in noncancerous regions in the peripheral and transition zones in each patient as well as to cover any cancer foci missed by the readers but identifi ed on pathology maps. The ROIs were placed on the ADC map by using the freehand drawing tool on Advanced Workstation software to encompass as much of the inner aspect of the lesion as possible were aware that the patients had prostate cancer, but they were blinded to clinical, laboratory (including prostate-specifi c antigen values), biopsy results (including tumor locations and histologic fi ndings), and the original MR imaging reports.
Qualitative assessment.-The readers evaluated twelve regions of the prostate by applying the sextant schema (right and left base, midgland, and apex) in both the peripheral and transition zones. For all regions, the readers independently assigned scores for the likelihood of cancer on a fi ve-point index scale (1 = defi nitely absent, 2 = probably absent, 3 = indeterminate, 4 = probably present, 5 = definitely present). First they assigned scores based on the interpretation of T2-weighted images alone. Then, they evaluated each region by using a combination of T2-weighted images and the parametric ADC map derived from the DW MR images and total of 51 patients. A summary fl owchart of patient selection is presented in Figure 1 and the patients' characteristics are presented in Table 1 .
MR Imaging Acquisition
MR imaging studies were performed by using a 3-T whole-body unit (Signa HDX; GE Medical Systems, Milwaukee, Wis). A body coil was used for excitation; a pelvic four-channel phased-array coil and a balloon-covered expandable endorectal coil (Medrad, Warrendale, Pa) fi lled with air were used for signal reception. The anatomic images were obtained by using transverse T1-weighted (repetition time msec/echo time msec, 600-750/10-14; section thickness, 5 mm; intersection gap, 1 mm; fi eld of view, 28-36 cm; matrix, 256 3 192) and transverse, coronal, and sagittal T2-weighted fast spin-echo (3500/120; echo train length, 12-16; section thickness, 3 mm; no intersection gap; fi eld of view, 14-16 cm; matrix, 256 3 192) sequences. DW MR imaging was obtained in the transverse plane with orientation and location identical to those prescribed for the transverse T2-weighted MR imaging by using a spin-echo echoplanar imaging sequence with ramp sampling by using a pair of rectangular gradient pulses along with three orthogonal axes (repetition time msec/effective echo time msec, 3500/63.5-108.4 [median 82 msec]; fi eld of view, 14 cm; section thickness, 3 mm; no intersection gap; inplane resolution, 1.9 3 1.9 mm; b values, 0 and 700 sec/mm 2 [ n = 20] or 0 and 1000 sec/mm 2 [ n = 31]). Parametric image maps based on ADCs were generated by using Advanced Workstation software (GE Medical Systems).
MR Imaging Interpretation
Two radiologists retrospectively and independently interpreted the MR imaging studies, which were archived in a picture archiving and communication system (Centricity; GE Medical Systems). At the time of the study, reader 1 (H.A.V.) was a body imaging fellow with a special interest and 2 years experience in prostate MR imaging, and reader 2 (T.F.) was a radiologist with 4 years experience interpreting prostate MR imaging. The readers ( 17 ) .
For the quantitative analysis of DW MR imaging, score statistics from generalized estimating equations with an independent working correlation matrix accounting for the correlated data were used to test the ADC mean difference between the ROIs in each region as categorized by MR imaging and wholemount step-section pathology correlation. The mean ADCs, ADC ratios, standard errors, and corresponding P values were calculated for the score statistics. The same methods were used to perform a subgroup analysis for patients in whom the DW MR imaging was acquired with b values of 0 and 700 sec/mm 2 versus those in whom the b values used were 0 and 1000 sec/ mm 2 . To assess the degree of overlap between the distribution of ADCs in prostate cancer lesions and those in healthy prostate tissue at the different b values, taking into account the variability in the data, we fi t a regression model that included an interaction term between tissue type (cancer lesions and healthy prostate) and subgroup ( b = 700 sec/mm 2 and b = 1000 sec/mm 2 ).
performance in qualitative interpretation of MR imaging studies was analyzed at the prostate region level. The sensitivity and specifi city were estimated by treating those regions with a score of 3 or greater as positive for cancer. The corresponding 95% confi dence intervals (CIs) for these estimated measures of accuracy were calculated by using variance estimates that take into account the correlated data owing to the multiple regions within a patient ( 12 ) . Score statistics based on the generalized estimating equations method with an independent working correlation matrix were used to test the equality of the measurement of accuracy ( 13 ) . Receiver operating characteristic curves and the areas under these curves (AUCs) were estimated nonparametrically for the ordinal score assessments. The AUCs for T2-weighted MR imaging alone versus the combination of T2-weighted and DW MR imaging were compared by using a nonparametric method proposed by Obuchowski ( 14 ) . Post hoc power calculation for measures of accuracy was performed by using published sample size equations ( 15 
Histopathologic Analysis and Image Correlation
Prostatectomy specimens were sliced from apex to base at 3-4-mm intervals. The distal 5-mm portion of the apex was amputated and coned. The seminal vesicles were amputated and submitted separately. After paraffi n embedding, microslices were placed on glass slides and stained with hematoxylin-eosin. Each lesion was measured in size and assigned a Gleason score by a pathology fellow (K.U.) with 3 years experience in genitourinary pathology, whose fi ndings were verifi ed by one of the staff genitourinary pathologists at our institution. The Gleason scores for the biopsy and prostatectomy specimens were recorded. MR imaging fi ndings were correlated with the whole-mount prostatectomy fi ndings approximately 4 weeks after the MR imaging readings were performed. This was done in consensus by three of the authors (K.U., H.A.V., and T.F.) in a single session, where the wholemount pathology maps were evaluated in conjunction with the MR imaging to establish the location of tumors with respect to the prostatic urethra (anterior, posterior, right, and/or left) and other anatomic landmarks (eg, prostate zones, ejaculatory ducts, and verumontanum), subjectively allowing for distortions in the prostate size and shape caused in vivo by the presence of the endorectal coil and ex vivo by the preparation of the whole-mount pathology specimen (eg, tissue shrinkage during fi xation).
Statistical Analysis
The pathologic fi ndings from prostate biopsy and radical prostatectomy (eg, Gleason scores, tumor sizes and locations) were summarized by using frequencies and percentages. Reader ( Fig 3 ) . The latter P value, although signifi cant, was considered clinically unimportant given the considerable overlap in 95% CIs and the small difference in AUC of 0.02 (refl ecting an improvement of only about 2.6%). The small P value may be explained by the relatively large number of observations derived from region analysis (12 regions per patient in 51 patients = 612 regions) ( 18 ) . For reader 1, specifi city and positive predictive value for tumor detection increased signifi cantly from 0.88 to 0.94 ( P = .01) and from 0.79 to 0.87 ( P = .02), respectively, with the addition of DW MR imaging to T2-weighted MR imaging. However, no signifi cant difference in sensitivity or negative predictive value was observed. For reader 2, the addition of DW MR imaging did not produce any signifi cant difference in sensitivity, specifi city, or positive or negative predictive value for the detection of prostate cancer foci ( Table 2 ) . Post hoc power calculation resulted in approximately 84% power to detect a specifi city difference of 0.10 between T2-weighted MR imaging alone and T2-weighted MR imaging in combination with DW MR imaging and 45% power to detect a sensitivity difference of 0.10.
Interreader agreement for the detection of prostate cancer was moderate to substantial, with weighted k statistics di mension of the cancer foci at histopathologic analysis ranged from 3 to 35 mm, with a median of 11 mm. Gleason scores for biopsy versus prostatectomy specimens ( Table 1 ) differed in 22 patients (43%). In 14 patients (27%), the surgicopathologic Gleason score was higher and in eight (16%) it was lower than the biopsy Gleason score. Among the 89 cancer foci found in the prostatectomy specimens, 32 were Gleason 3 + 3, 38 were Gleason 3 + 4, 15 were Gleason 4 + 3, and four were Gleason 4 + 4 or higher.
MR Imaging Results
Qualitative assessment.-For prostate cancer detection at the region level, the AUCs for reader 1 were 0.79 (95% CI: 0.73, 0.85) with T2-weighted MR imagThe associations between the mean ADC, ADC ratio, and tumor Gleason score were assessed separately by using the generalized estimating equations method. A P value of less than .05 was considered to indicate a signifi cant difference. All statistical analyses were performed with SAS 9.2 software (SAS Institute, Cary, NC).
Results

Histopathologic Results
At histopathologic analysis, a total of 89 cancer foci were found in the prostatectomy specimens of the 51 patients (peripheral zone, n = 77; transition zone, n = 8; both peripheral and transition zones, n = 4). The largest transverse Fig 5 ) . Based on a regression model that included an interaction term between tissue type (cancer lesions and healthy prostate) and subgroup ( b = 700 sec/ mm 2 and b = 1000 sec/mm 2 ), the difference in the ADC overlap between patients imaged at the two different b values was not signifi cant ( P = .23). The number of lesions in the transition zone was too small for analysis.
In the 73 cancer foci that could be visualized on DW MR images, a higher Gleason score was significantly associated with both a lower mean ADC peripheral zone, the mean ADC of truepositive cancer lesions was signifi cantly lower than that of healthy tissue for both readers (both P , .001). The mean ADC of the false-positive lesions did not differ signifi cantly from the mean ADC of the true-positive lesions for either reader ( P = .95 for reader 1, P = .86 for reader 2). Mean ADCs for both cancerous and healhty prostatic regions were lower when DW MR imaging was performed with a b value of 1000 sec/mm 2 rather than 700 sec/mm Sixteen (18%) of the 89 cancer foci identifi ed at step-section pathologic analysis were not visible at DW MR imaging ( Fig 4 ) . Of these 16 cancer foci, nine had a Gleason score of 3 + 3, and seven had a Gleason score of 3 + 4. The largest histopathologic transverse dimension of the tumor foci undetected on DW MR images ranged from 3 to 21 mm, with a median of 7 mm. Reader 1 detected one of these 16 cancer foci by using T2-weighted MR imaging alone, and reader 2 detected two.
Correlation of ADC with stepsection histopathologic fi ndings.-In the ( 24 ) . In our study, readers detected only 53%-63% of Gleason 3 + 3 tumors but detected all tumors that had a Gleason score of 8 or higher, although the latter represented only 4% of the total number of tumors in our study population. Furthermore, 18% (16 of 89) of cancer foci identifi ed at step-section pathologic analysis were not visible on DW MR images, even after retrospective unblinded review. Demographic changes may have also led to a shift in the proportion of sparse cancer foci (ie, foci of which more than 50% of the cross-sectional area is primarily healthy glandular tissue), which may affect detection on MR images, particularly in less aggressive (ie, Gleason score 3 + 3) tumors ( 25 ) .
Our results indicate that the greatest added value of DW MR imaging may lie in its ability to be used to quantitatively assess prostate cancer aggressiveness. By using whole-mount step-section pathologic analysis as the standard of ref- ( 10, (26) (27) (28) (29) (30) (31) (32) (33) . This wide variation in ADCs is owing, at least partly, to technical factors involving the DW MR imaging sequence acquisition. ADCs are dependent on many factors, in particular the magnetic fi eld strength; compared with T2-weighted MR imaging alone ( Table 4 ) ( 10, 11, (19) (20) (21) . In our study, the accuracy of prostate cancer detection with T2-weighted MR imaging (AUC of about 0.80) was within the range reported in the prior studies ( 10, 11, (19) (20) (21) . However, we did not observe clinically important incremental value with the addition of DW MR imaging (the AUC for one reader remained at 0.79, while the AUC for the other reader increased from 0.76 to 0.78). It has been suggested that the diagnostic performance of MR imaging in prostate ( P = .017) and a lower mean ADC ratio ( P = .016) ( Fig 6 ) . The mean ADCs and mean ADC ratios of lesions with Gleason scores 6, 7, and 8 or higher differed signifi cantly, with lower ADCs observed with increasing Gleason scores ( Fig 6 ) .
Discussion
A number of studies, using various image acquisition methods and reference standards, have reported improved prostate cancer detection by using combined T2-weighted and DW MR imaging as ( 34 ) . In theory, larger b values are more sensitive to slower motion of water molecules and smaller diffusion distances and, therefore, provide better contrast and less T2 shine-through effect ( 35 ) . The signal-to-noise ratio, however, decreases as the b values increase, affecting the imaging quality. The ADCs also decrease as the b values increase. As expected, the mean ADCs for both cancerous and noncancerous regions were lower when DW MR imaging was performed by using a b value of 1000 sec/mm 2 than when a b value of 700 sec/mm 2 was used. Owing to the lack of standardized equipment and protocols, it is not possible at this time to establish a threshold ADC to determine the presence of malignancy.
By using multiple b values (0, 100, 300, 500, and 800 sec/mm 2 ), deSouza et al ( 36 ) examined 44 patients at 1.5 T and fi tted the DW MR imaging data at b values of 0-100 sec/mm 2 to refl ect a fast diffusion component (microcapillary perfusion) and data at b values of 100-800 sec/mm 2 to refl ect a slow diffusion component (intra-and extracellular water movement over a short diffusion length). They found that mean fast and slow ADCs from prostate cancer differed signifi cantly between low-risk (biopsy Gleason score of Յ 6 and prostatespecifi c antigen level of , 10 ng/mL) and of these studies ( 36,37 ) are subject to the inherent limitations of using biopsy samples as a reference standard. Final Gleason score established from the prostatectomy specimen differs from the biopsy Gleason score in 42%-69% of patients (38) (39) (40) . This discrepancy, which was also found in 43% of the patients in our study, is generally attributed to sampling error during biopsies as well as the multifocal and histologically heterogeneous nature of prostate cancer ( 38, 39 ) . Thus, any technique being proposed for predicting aggressiveness should be evaluated, ideally, by using whole-mount prostatectomy specimens as the reference standard. Kim et al ( 26 ) found no association between tumor ADCs in 35 patients (obtained at 3 T with b values of 0 and 1000 sec/mm 2 ) and prostatectomy Gleason scores or prostate-specifi c antigen levels, but no endorectal coil was used in their study.
Our study was limited by its retrospective design and relatively small sample size. The results are based on the fi ndings from only two independent readers with intermediate levels of experience (2 and 4 years) in prostate MR imaging. It is possible that the effect of adding DW MR imaging would be different for readers with different levels of experience, as other techniques, such as MR spectroscopy ( 41 ) and dynamic contrast-enhanced MR imaging ( 42 ) , have been found to offer more significant improvements in diagnostic performance for inexperienced readers than for experienced readers. Furthermore, there is a possibility of selection bias, since only patients who underwent radical prostatectomy were included; however, this was necessary to be able to use whole-mount step-section pathologic fi ndings as the reference standard. Our study was also limited by the use of different b values (700 and 1000 sec/ mm 2 ), although the ideal b values to be used in prostate DW MR imaging have not been established. Theoretically, higher b values result in increased signalto-noise ratios, but they also result in increased echo times, which in turn translate into greater distortion. We did not directly explore the infl uence of echo time on diagnostic accuracy, but GENITOURINARY IMAGING: Diffusion-weighted MR Imaging: Assessment of Prostate Cancer Aggressiveness Vargas et al
